Denitrifiers can produce and consume nitrous oxide (N2O). While little N2O is emitted from rice paddy soil, the same soil produces N 2 O when the land is drained and used for upland crop cultivation. In this study, we collected soils from two types of fields each at three locations in Japan; one type of field had been used for continuous cultivation of rice and the other for rotational cultivation of rice and soybean. Active denitrifiers were isolated from these soils using a functional single-cell isolation method, and their taxonomy and denitrifying properties were examined. A total of 110 denitrifiers were obtained, including those previously detected by a culture-independent analysis. Strains belonging to the genus Pseudogulbenkiania were dominant at all locations, suggesting that Pseudogulbenkiania denitrifiers are ubiquitous in various rice paddy soils. Potential denitrifying activity was similar among the strains, regardless of the differences in taxonomic position and soil of origin. However, relative amounts of N 2 in denitrification end products varied among strains isolated from different locations. Our results also showed that crop rotation had minimal impact on the functional diversity of the denitrifying strains. These results indicate that soil and other environmental factors, excluding cropping systems, could select for N 2 -producing denitrifiers.
Rice is cultivated on 54% of arable land in Japan. Advanced agricultural technologies coupled with a decrease in rice consumption have resulted in the overproduction of rice. To solve this problem, the Japanese government has recommended the cultivation of upland crops (e.g., soybean) for several years in drained paddy fields (18) . Crop rotation is currently a major agricultural practice in Japan. However, Nishimura et al. (18) reported that the rotation of paddy rice and upland crop cultivation can affect emissions of N2O, an important greenhouse gas and a natural catalyst of stratospheric ozone decay (22) . Cumulative N2O emissions increased 4.0-to 5.3-fold due to changes in land use from the cultivation of paddy rice to upland crops (18) , most likely due to denitrification.
Denitrification is a microbial respiratory process in which nitrate/nitrite are reduced stepwise to gaseous products in a sequence of four reactions: NO3 − →NO2 − →NO→N2O→N2 (10). In arable soils, the emission of N2O is frequently observed in upland crop fields, mainly as a product of denitrification (1) . In contrast, little N2O is emitted from rice paddy fields, although rice paddies are known to have strong denitrifying activity (1, 18) . This is most likely due to complete denitrification in which nitrate is reduced to N2. However, the characteristics of the denitrifiers responsible for N 2 O and N 2 production have not been well examined.
Various bacteria, as well as some archaea and fungi, have denitrifying capabilities (20) . Our previous cultureindependent studies revealed bacteria belonging to the orders Burkholderiales and Rhodocyclales to be involved in denitrification in rice paddy soil collected from Nishitokyo City, Tokyo, Japan (13, 23, 30, 31) . However, active denitrifiers may differ among soils. For example, when examined by a culture-independent PCR-based analysis with denaturing gradient gel electrophoresis (DGGE), different microbes responded to denitrification-inducing conditions in different rice paddy soils (14) . The same study also showed that crop rotation had little impact on denitrifier composition.
Although the culture-independent approach is useful for studying denitrifier populations in rice paddy soils (3), the culture-dependent approach is still necessary to understand the physiological characteristics of denitrifiers (e.g., denitrifying activity and denitrification end products). We previously developed a method called functional single-cell (FSC) isolation and applied it to the study of denitrifiers in rice paddy soil (2) . In FSC isolation, individual cells growing in response to certain conditions (e.g., denitrification-inducing conditions) are elongated or enlarged in principle, and individually captured with a micromanipulator (2, 12) . This method enabled us to obtain nitrate-reducing and denitrifying strains, including potentially unique denitrifiers, more efficiently than by conventional methods (2) .
Consequently, the objectives of this study were as follows: (i) to isolate and identify denitrifying bacteria from various rice paddy and rice-soybean rotation fields, (ii) to characterize the physiology of the denitrifying strains, and (iii) to examine the effect of the rotational cropping system on denitrifier populations and on the physiological characteristics of denitrifiers.
Materials and Methods

Soil samples
Soil sampling was conducted in six fields, i. The soil types at the Kumamoto, Niigata, and Yamagata fields were Andosol, gley soil, and gray lowland soil, respectively. The physicochemical characteristics of the soils are described in detail elsewhere (14) . The subsamples collected from each field were pooled together, sieved through a 2-mm mesh, and stored at 4°C.
Soil microcosm
A previously established soil microcosm setup (14, 23) was used in this study. Briefly, 1 g of dry soil was placed in a 15-mL glass serum vial (Nichiden-Rika Glass, Kobe, Japan) and submerged in sterile water for 1 week at 30°C. After the excess water (approximately 2 mL) was removed, 0.1 mg-N nitrate and 0.5 mg-C succinate were added to each vial. The vial was then sealed with a rubber cap, and the headspace air was replaced with Ar-C2H2 (90:10) gas. The vial was incubated at 30°C for 24 h. While these conditions have been shown to enhance denitrifying activity (23) , only minimal growth of non-denitrifying microorganisms was previously detected (13) .
Functional single-cell isolation
FSC isolation was performed as described previously (2) to obtain bacterial cells actively growing under denitrification-inducing conditions. Each captured single cell was injected into a vial containing 100-fold diluted nutrient broth medium (19) supplemented with 3.0 mM nitrate and 4.4 mM succinate (DNB-NS medium) and grown anaerobically at 30°C for 1 week. To obtain single colonies, the cultures in the vials were streaked onto 1.5%-agar plates of DNB-NS medium and incubated anaerobically at 30°C for 2 weeks.
Measurement of denitrifying activity
The potential denitrifying activity of each strain was determined according to the acetylene-block method (26) . The vials containing DNB-NS medium were inoculated with each strain, and the headspace air was replaced with Ar-C2H2 (90:10) gas. After incubation at 30°C for 2 weeks, a portion (0.5 mL) of the headspace gas was analyzed for N2O by gas chromatography, as described previously (23) . The quantity of water-dissolved N2O was calculated as the Bunsen absorption coefficient (26) . Strains reducing >20% of added nitrate to N2O were considered to be denitrifiers (26) .
Proportion of N2 in the denitrification end products
The relative amounts of the denitrification end products (N2O or N2) were estimated as follows. The strains were anaerobically incubated in the presence or absence of acetylene (C2H2). The starting cell density was adjusted to 1×10 5 cells mL −1 , and the vials were incubated at 30°C for 4 weeks. Since acetylene inhibits the final step of denitrification (N2O→N2), the amount of N2O produced in the presence of C2H2 can be regarded as the combined amounts of N2O and N2. In contrast, the amount of N2O produced in the absence of C2H2 can be considered the amount of N2O only. By subtracting the amount of N2O from the combined amounts of N2O and N2, we can estimate the amount of N2. We used this approach because it is difficult to directly measure the amount of N2 by conventional gas chromatography (15) . The proportion of N2 in the denitrification end products was calculated as N2/(N2+N2O).
DNA extraction, PCR, and sequencing analysis
Genomic DNA was extracted from the bacterial cells, and the 16S rRNA gene was PCR-amplified using primers 27F and 1492R as described previously (24) . The reaction mixture (50 µL) contained 1× ImmunoBuffer (BioLine, London, UK), 1.5 mM MgCl2, 0.5 µM of each primer, 0.2 mM of each dNTP, 1 unit of BioTaq HS DNA polymerase (Bioline), and 1 µL of DNA template. PCR was performed using the GeneAmp PCR system 9700 (Applied Biosystems, Foster City, CA, USA) under the following conditions: initial denaturation at 94°C for 2 min, followed by 30 cycles of denaturation at 94°C for 30 s, annealing at 56°C for 1 min, and extension at 72°C for 1 min. After a final extension at 72°C for 2 min, the PCR mixtures were held at 4°C. PCR amplicons were purified and sequenced directly using the primer 519R as described previously (2) . Taxonomic assignments of the strains at the genus level were performed using the Naïve Bayesian classifier (ver. 2.0) (27) provided by the Ribosomal Database Project, with an 80% bootstrap cutoff. The strains with 100% sequence identity with the 16S rRNA gene were grouped together, and the nucleotide sequences (ca. 400 bp) of all groups were aligned with reference sequences obtained from the DDBJ/EMBL/ GenBank databases. A phylogenetic tree was constructed based on the neighbor-joining method by using MEGA4 software (ver. 4.0) (25) .
Statistical analysis
An analysis of variance (ANOVA) and Tukey's honestly significant difference test were performed using R software (ver. 2.10.1) to assess the statistical significance of differences in denitrifying activity and the proportion of N2 in the denitrification end products.
Nucleotide sequence accession numbers
The nonredundant nucleotide sequences of the 16S rRNA gene obtained in this study were deposited into the DDBJ/EMBL/ GenBank databases under accession numbers AB551569-AB551620.
Results and Discussion
Taxonomic classification of the strains
A total of 110 strains of denitrifying bacteria were obtained by FSC isolation from crop-rotated and non-rotated paddy fields located at Kumamoto (52 strains), Niigata (47 strains), and Yamagata (11 strains) ( Table 1 ). All of these strains converted >20% of nitrate in the media to N 2 O. The taxonomic assignment revealed that more than half of the strains (67 strains) were phylogenetically closely related to the genus Pseudoglubenkiania within the order Neisserialles (the class Betaproteobacteria). Strains closely related to the genus Bradyrhizobium (class Alphaproteobacteria) were also frequently obtained (19 strains). Strain compositions differed among sampling locations (Table 1) . For example, strains closely related to Pseudoglubenkiania were commonly isolated from the Kumamoto, Niigata, and Yamagata soils, whereas those belonging to the order Rhodocyclales (the genera Azoarcus and Dechloromonas) were obtained only from the Kumamoto samples.
Similar results were obtained previously using a cultureindependent approach. Ishii et al. (14) performed a comparative PCR-DGGE analysis and identified the clones phylogenetically related to the genus Chromobacterium as being responsive to the denitrification-inducing conditions in Kumamoto, Niigata, and Yamagata soils. Recently, some of the Chromobacterium-related species were reclassified as part of a new genus, Pseudogulbenkiania (16, 28) . The DGGE clones obtained by Ishii et al. (14) were phylogeneti-cally more closely related to the genus Pseudogulbenkiania than Chromobacterium under the current classification system. These results suggested that Pseudogulbenkiania bacteria were common denitrifiers among all three locations. The above PCR-DGGE analysis detected clones derived from bacteria belonging to the order Rhodocyclales only in Kumamoto soils (14) , similar to the results reported here.
In contrast to other culture-dependent studies (4, 5, 7, 8) , denitrifiers belonging to the genus Pseudomonas were not obtained in this study, although Pseudomonas are believed to be among the numerically dominant denitrifiers in soils (20) . Because nutrient-rich media were used in these studies, fast-growing and nutrient-tolerant Pseudomonas may have been selectively isolated. The use of nutrient-poor media, such as the diluted nutrient broth employed in the present study, has the advantages of isolating oligotrophic denitrifiers including those that cannot grow in nutrient-rich conditions (9) . In addition, single-cell isolation techniques provide an isolate with an environment in which there is no competition for resources; therefore, slow-growing microbes can multiply without interference from fast-growing organisms (12) . Consequently, the use of FSC isolation in combination with nutrient-poor media might allow us to isolate slowgrowing, oligotrophic denitrifiers that are potentially dominant in soils.
In this study, we obtained a relatively small number of strains from the Yamagata soils. Based on the previous PCR-DGGE analysis, clones phylogenetically related to the genus Ammoniphilus (the order Bacillales) were enriched under denitrification-inducing conditions (14) ; however, these bacteria could not be obtained using FSC isolation. We used DNB-NS medium for cell proliferation after FSC isolation, but this medium may not support the growth of Ammoniphilus cells. Modification of the medium (11) may allow us to obtain Ammoniphilus strains that are potentially responsible for denitrification in Yamagata soils. In the subsequent analyses to relate denitrifying activities with soil type and locality, we excluded the strains from the Yamagata soils (11 strains in total), as the number of strains was considered too small.
Denitrifying properties of the strains
Denitrifying activities as assessed by the percentage of nitrate reduced to N 2 O varied by strain, ranging from 20% to 67% (Fig. 1 X-axis) . However, denitrifying activities did not vary among strains isolated from different soils or locations. For example, the denitrifying activities of the strains originating from the Kumamoto and Niigata soils were 36±11% and 38±10%, respectively, and were not statistically different (P=0.40).
Some non-denitrifiers (e.g., those performing dissimilatory nitrate reduction to ammonium) can also produce a small amount of N2O; therefore, Tiedje (26) proposed that organisms be considered denitrifiers if they reduce >20% of added nitrate to N 2 O. Mahne and Tiedje (17) applied an even higher cutoff value (80%) when using nutrient broth supplemented with 5 mM nitrate. In the present study, we used 100-fold diluted nutrient broth supplemented with 3 mM nitrate and 4.4 mM succinate to measure denitrifying activity. This medium may not support sufficient growth of some denitrifiers, and a portion of the nitrate may remain unused. Therefore, we believe that a cutoff value of 80% is too strict for denitrifier identification. In the present study, we regarded strains as being denitrifiers if they reduced >20% of the nitrate in the medium as originally proposed by Tiedje (26) . The proportion of N 2 in denitrification end products ranged from 0% to 100% among the strains (Fig. 1) . If denitrifiers do not produce N2, they produce only N2O. Most denitrifiers produced both N 2 and N 2 O under the conditions used in this study. Although the proportion of N2 may vary with the physiological state of the cells, we observed relationships between taxonomic positions of the strains and their denitrifying properties (Table 2 ). For example, strains phylogenetically related to the genus Azoarcus produced N2 in greater proportions than Bradyrhizobium, Sinorhizobium/ Encifer, and Pseudogulbenkiania strains ( Table 2) . Similar results were obtained by Chèneby et al. (4) , who isolated 188 denitrifiers from bulk and maize-rhizospheric soil and divided them into 12 groups based on an amplified ribosomal DNA restriction analysis (ARDRA). That study found that N2O-reducing ability differed among ARDRA types. For example, one ARDRA type dominant in the rhizospheric soil produced N2O as the denitrification end product, whereas another type common in the bulk soil produced N2.
Eighteen denitrifiers showed a high proportion (>80%) of N2 in their denitrification end products, including nine strains of Pseudogulbenkiania sp., four strains of Azoarcus sp., three strains of Bradyrhizobium sp. and one strain each of Dechloromonas sp. and Niastella sp. (Table 2 ). Among them, eight strains completely reduced NO3 − to N2. Because these strains potentially have major N 2 O-reducing capabilities, they may be of use in mitigating N2O emissions from agricultural fields.
Although the proportion of N2 in denitrification end products did not differ between strains isolated from rice paddy fields and those from rice-soybean fields, it differed between strains obtained from the Kumamoto and Niigata soils. Strains isolated from Kumamoto soils produced N2 in greater proportion than those isolated from Niigata soils (P<0.01). The difference was also noted when Kumamoto-specific denitrifiers (Azoarcus and Dechloromonas strains) or the Pseudogulbenkiania sp. denitrifiers were excluded from the analysis, indicating that a large proportion of the N2 in denitrification end products was not due to the presence of N 2 -producing Azoarcus and Dechloromonas denitrifiers or the dominance of Pseudogulbenkiania spp.
The differences in the proportion of N2 in denitrification end products between denitrifiers isolated from Kumamoto and Niigata soils may influence overall N2O production in the field. According to the field gas monitoring results, summer N 2 O flux was greater from the rice-soybean field in Niigata than that in Kumamoto, probably due to denitrifing activities in Niigata soil (S. Nishimura, personal communication). These results suggested that the large N 2 O flux from Niigata soils may be attributed to the N2O-producing denitrifiers. a Strains isolated from Yamagata soils (11 strains) were not examined. b Means followed by the same letter are not significantly different (P>0.05). Genera containing more than three isolated strains were subjected to ANOVA.
Phylogenetic and functional diversity of the Pseudogulbenkiania strains In this study, denitrifiers referred to as Pseudogulbenkiania spp. dominated in all soils except that from the continuous rice paddy field at Yamagata. To better understand the phylogeny of Pseudogulbenkiania strains, a phylogenetic tree was constructed based on partial 16S rRNA gene sequences (Fig. 2) . The strains isolated in this study were closely related to the type strain of Pseudogulbenkiania subflava strain BP-5
T , isolated from a cold spring in Taiwan (16) and also to Pseudogulbenkiania sp. strain 2002 (99.0%-100% sequence identity), an anaerobic, nitrate-dependent, Fe(II)-oxidizing, autotrophic bacterium isolated from freshwater sediment in Illinois, USA (28, 29) . Strain 2002 was also shown to completely reduce nitrate to N2 gas (28) . Until this report, only the above two Pseudogulbenkiania strains had been reported (16, 28) ; however, our results suggest that these bacteria may be ubiquitous in rice paddy soils. Since reduced metals and fertilizer-N are available in paddy soils, the Pseudogulbenkiania strains obtained in this study may play a role in nitrate-dependent Fe(II)-oxidation, the reaction previously observed in rice paddy soils (21) . More studies are necessary to determine if our Pseudogulbenkiania strains can oxidize metals in combination with nitrate reduction.
Based on 100% nucleotide sequence similarity, 67 Pseudogulbenkiania strains could be divided into 10 genotypic groups (Fig. 2) . Most strains (87%) belonged to the three groups represented by NH4 (seven strains), NH11 (32 strains), and NH8B (21 strains). The remaining seven groups were each composed of a single strain, all of which were isolated from the paddy field continuously planted with rice at Niigata. The phylogenetic tree showed that all groups were closely related to each other and to the type strain of Pseudogulbenkiania (Fig. 2) . In addition, the Pseudogulbenkiania-related clones previously obtained by DGGE analysis (14) were 100% similar to the group represented by strain NH8B.
The denitrifying properties of Pseudogulbenkiania strains were highly variable within each of the three main groups (represented by strains NH4, NH8B, and NH11). Strains within the same genus (e.g., Pseudomonas and Streptomyces) could have different characteristics for denitrification, even though they were closely related to each other (4, 6) . Pseudogulbenkiania strains originating from Kumamoto soils produced N2 in greater proportion than those isolated from Niigata soils (P<0.01), regardless of the cropping system used. This indicated that soil type may have influenced the denitrifying properties of Pseudogulbenkiania strains. Kumamoto soil (Andosol) is derived from volcanic ash and is well-drained and rich in organic matter (14) . In contrast, Niigata soil (gley soil) is of alluvial origin and often under reduced conditions (18) . These differences in soil characteristics may have selected for N2-producing Pseudogulbenkiania in Kumamoto soils.
In conclusion, by using FSC isolation, we successfully obtained denitrifiers that were previously detected by a culture-independent analysis. Among these, Pseudogulbenkiania strains were dominant at all locations. Analysis of the denitrifying properties of the isolated strains revealed that the proportion of N2 in denitrification end products differed between strains originating from Kumamoto and Niigata soils, and this difference may influence the N2O flux from the fields. Our results indicated that soil and other environmental factors may have selected for N 2 -producing denitrifiers in Kumamoto soils, although crop rotation has minimal impact on the functional diversity of denitrifiers. Fig. 2 . Neighbor-joining tree constructed based on the partial 16S rRNA gene sequences of the isolated Pseudoglubenkiania strains and reference strains. The strains isolated in this study are indicated in bold. The strains NH4, NH8B, and NH11 represent the three groups each sharing the same sequence. The abbreviations and numbers in parentheses denote the soil samples and number of strains, respectively. NH, KH, and YH, rice-soybean rotation field at Niigata, Kumamoto, and Yamagata, respectively; NS and KS, continuous rice paddy field at Niigata and Kumamoto, respectively. Escherichia coli (J01859) was used as the outgroup. The accession numbers of reference strains in the DDBJ/EMBL/GenBank databases are indicated in brackets. The bootstrap values (>50%) for 500 replicates are indicated next to the branches. The arrow indicates the nucleotide sequence that showed 100% similarity to that from the DGGE bands obtained by Ishii et al. (14) .
